One contribution of 15 to a discussion meeting issue 'Crossroads between transposons and gene regulation'.
Background
Transposable elements (TEs) are mobile DNA fragments that cause mutations by inserting into genes and creating chromosomal breaks. To repress their mobility, and therefore limit the number of new mutations, eukaryotes target TE activity at the transcriptional, post-transcriptional and translational levels (reviewed in [1] ). A major regulatory mechanism used to repress TEs is small RNAs, which target TE mRNAs for degradation, inhibit the translation of TE protein and can guide de novo chromatin modification of TE loci, resulting in transcriptional silencing. In flowering plants, TE small interfering RNAs (siRNAs) are well studied and converted into double-stranded RNA via the RNA-DEPEN-DENT RNA POLYMERASE 2 protein (RDR2) [6, 7] . This double-stranded RNA is then cleaved by DICER-LIKE 3 (DCL3) into predominantly 23-24 nt siRNAs [8] . Pol IVderived 24 nt siRNAs are incorporated into the ARGO-NAUTE4 (AGO4) and AGO6 proteins, to guide AGO function in RNA-directed DNA methylation (RdDM) of the target locus [9] . Therefore, Pol IV's overall function in plant biology is to generate the siRNAs necessary to reinforce heterochromatic marks and maintain euchromatin/heterochromatin boundaries [10] . A secondary role is to generate an siRNA defense against any new or active TEs that share sequence homology [11] .
Pollen is the male gametophytic generation of flowering plants and contains two sperm cell gametes encapsulated in a larger vegetative cell, which directs the delivery of the sperm cells upon pollination. There is a known broad activation of TE expression in the nucleus of the pollen vegetative cell, resulting in steady-state TE mRNAs in pollen [12, 13] . This TE activation occurs simultaneously with abundant TE 21-22 nt siRNA production in the pollen grain [12, 14, 15] . Other cases of TE transcriptional activation in the sporophytic plant body, for example, in mutants of the TE master chromatin-modifying gene DDM1, are also associated with 21-22 nt siRNA production from Pol II-derived TE mRNAs [16] . These siRNAs were termed epigenetically activated siRNAs (easiRNAs) because they appear only when TEs lose transcriptional repression and produce Pol II-derived mRNAs [15, 17] . It was therefore assumed that in pollen, the reactivated TE-generated Pol II mRNAs were the source of pollen easiRNAs [12] . However, a recent publication demonstrated that pol IV mutants fail to generate 21-22 nt TE siRNAs [15] . This suggested a key role of Pol IV beyond the known production of 24 nt siRNAs.
We aimed to determine whether pollen 21-22 nt easiRNAs are actually produced from Pol IV transcripts, or alternatively whether Pol IV is necessary to trigger siRNA production from Pol II transcripts. We found that pollen TE easiRNA production is a product of Pol IV transcription, and this activity of Pol IV is not specific to pollen. We find that in the absence of the more abundant 24 nt siRNAs, Pol IV-derived 21-22 nt siRNAs can participate in RdDM. Like other 21-22 nt siRNAs generated from Pol II, Pol IV 21-22 nt siRNAs are incorporated into AGO1, which is the main effector protein of post-transcriptional gene silencing. Our data suggest that like other siRNAs and microRNAs incorporated into AGO1, Pol IV-dependent 21-22 nt siRNAs may participate in the post-transcriptional targeting of genic mRNAs.
Results
(a) Pol IV is required for the production of TE 21-22 nt siRNAs Arabidopsis easiRNAs were discovered in gametophytic pollen and found to be primarily 21-22 nt in length. By contrast, heterochromatic siRNAs are produced during sporophytic stages and are primarily 24 nt in length. To compare the change in siRNA size distribution during development, we analysed small RNAs sequenced from wt Col seedling [18] , inflorescence (this study) and pollen [15] . We used diploidized 2n wt Col pollen (derived from 4n wt Col) as a second pollen replicate (see §4). We confirmed that compared to seedling and inflorescence, there is a sharp increase in relative amounts of TE 21-22 nt siRNAs and a corresponding decrease in TE 24 nt siRNAs in pollen (figure 1a). However, we found that the shift in small RNA size relative accumulation of figure 1a was primarily owing to a sharp decrease in TE 24 nt siRNA production in pollen and not an increase in TE 21-22 nt siRNA abundance (figure 1b). The recently reported Pol IV-dependence of 21-22 nt siRNAs in pollen [15] was unexpected, since Pol IV had previously only been shown to generate 23-24 nt siRNAs [19] (reviewed in [20] ). Therefore, we aimed to determine if Pol IV-dependent TE 21-22 nt siRNA production is specific to pollen or occurs in non-gametophytic tissues. We confirmed that both 21-22 and 24 nt TE siRNAs are dependent on Pol IV in pollen (figure 1b) [15] . We also identified that in the TE-silent sporophytic seedling and inflorescence tissue, Pol IV is responsible for the accumulation of TE 21-22 nt siRNAs (figure 1b). For comparison across different tissue types and sequencing libraries, we normalized the TE siRNA counts by total sequenced small RNAs that match the Arabidopsis genome (figure 1a,b). To confirm that these observations were not biased owing to our specific normalization method, we alternatively normalized TE siRNAs using Pol IV-independent miRNA counts (electronic supplementary material, figure S1). We find that the reduction in the accumulation of TE siRNAs in pol IV mutants is consistent regardless of normalization method. We conclude that Pol IVdependent TE 21-22 nt siRNAs are not specific to pollen, and a similar mechanism of 21-22 nt siRNA production exists during sporophytic stages.
To take an unbiased approach to investigate all small RNAs (sRNAs) beyond annotated TEs, we identified clusters of 24 nt sRNAs and 21-22 nt sRNAs in wt Col inflorescence (figure 1c,d).
As expected, almost all 24 nt sRNAs are lost from the 24 nt clusters in a pol IV mutant (figure 1c). By contrast, global levels of 21-22 nt sRNAs increase in pol IV mutants (figure 1d), which has been previously reported [21] . A majority of these 21-22 nt sRNAs are miRNAs and/or miRNA-induced (tasiR-NAs), which are not dependent on Pol IV production. This increased overall level of 21-22 nt sRNAs has likely obscured the fact that Pol IV-dependent 21-22 nt sRNA regions of the genome do exist in wt Col inflorescence (figure 1d), accounting for why they were not discovered earlier. In addition, more than 99% of Pol IV-dependent 21-22 nt clusters overlap with 24 nt clusters (figure 1e). We conclude that there is a genome-wide population of Pol IV-dependent 21-22 nt siRNAs, so far uninvestigated, which are generated from a subset of loci that also produce Pol IV-dependent 24 nt siRNAs.
(b) Pol IV-dependent 21-22 nt siRNAs are produced from Pol IV transcripts
It is well established that 24 nt siRNAs are produced from Pol IV transcripts (reviewed in [20] ). We aimed to determine whether 21-22 nt siRNAs are also produced from Pol IV transcripts or are instead produced from Pol II transcripts but somehow dependent on Pol IV. As shown in figure 1e, almost all 21-22 nt clusters overlap with 24 nt siRNAs clusters, suggesting that 21-22 nt siRNAs are produced from a subset of 24 nt clusters and therefore likely from Pol IV transcripts. To investigate the extent of overlap between the two clusters, we positioned each 21-22 nt cluster relative to its corresponding royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190417 overlapping aligned 24 nt siRNA cluster (figure 2a). We found that most of the 21-22 nt clusters (92%) aligned within the boundaries of 24 nt clusters. Upon investigation of the remaining (8%) 21-22 nt clusters, we found that these loci also shadow 24 nt siRNA loci, but were falsely classified as extending beyond 24 nt clusters owing to bioinformatic artefacts of cluster identification. Therefore, we failed to identify any locus producing Pol IV-dependent 21-22 nt siRNAs that does not also produce 24 nt siRNAs. This observation strongly suggests that Pol IV transcripts that feed into the 24 nt siRNA pathway also produce 21-22 nt siRNAs.
To further investigate the origin of Pol IV-dependent siRNAs, we used the exon-intron structure of transcripts that produce siRNAs. Pol II-transcribed RNAs are efficiently co-transcriptionally spliced and are therefore cleaved into siRNAs matching only exons (figure 2b-f), but the exonintron distribution of Pol IV siRNAs has not been investigated. We focused on the consensus sequence of the AtENSPM6 family of TEs and its annotated exon-intron structure in the GIRI Repbase [22] . We aligned both 21-22 and 24 nt siRNAs from six key plant lines to this consensus sequence (figure 2b) and counted the abundance from exons and introns (figure 2c,e). We also calculated the ratio of exonic/intronic siRNAs (figure 2d,f ) and aimed to use the relative bias in exonic/ intronic ratio as a signature for determining the polymerase origin of siRNAs.
We found that when TEs are transcribed by Pol II while Pol IV is not present (ddm1 pol IV double mutant), siRNAs have a high exon/intron bias for both 24 nt and 21-22 nt siRNAs (figure 2b-f ). In this double mutant, when Pol II is the only polymerase generating TE siRNAs, the level of exon reads outweighs intron reads 30× for 24 nt siRNAs, and 95× for 21-22 nt siRNAs (figure 2d,f ). When a functional Pol IV protein is present, in the ddm1 single mutant (both Pol IV and Pol II active at TEs), the bias of exon/intron siRNAs is severely reduced, suggesting that Pol IV-derived siRNAs are (c) Pol IV-dependent 21-22 nt siRNAs are produced by DCL2 and DCL4
To address whether the Pol IV-derived 21-22 nt siRNAs are non-specific degradation products produced from Pol IV transcripts or full-length 24 nt siRNAs, we compared siRNA accumulation in wt Col and DCL protein family mutants. As expected, we observed the complete loss of 24 nt siRNAs in the dcl3 mutant (figure 3a) [8] . DCL family proteins have known redundancies [25] , so when DCL3 is absent, DCL2 and DCL4 substitute and process Pol IV transcripts into 21-22 nt siRNAs (figure 3a,b), confirming that DCL2 and DCL4 have the ability to process Pol IV transcripts [8] . When specifically focused on Pol IV 21-22 nt clusters (figure 3b), we observe a class of Pol IV-dependent 21-22 nt siRNAs in wt Col that are dependent on DCL2 and DCL4 for their production (inset, figure 3b ). This demonstrates that even in wt Col sporophytic tissue, Pol IV generates 21-22 nt siRNAs that are not random degradation products of Pol IV transcripts or full-length 24 nt siRNAs but rather are specific cleavage products of DCL2 and DCL4. We conclude that Pol IV transcripts are acted upon by DCL2, DCL3 and DCL4, with a strong bias towards DCL3 and production of 24 nt siRNAs in sporophytic tissues. The wt pollen siRNA profile of relatively equal amounts of 21, 22 and 24 nt Pol IV-derived siRNAs (figure 1b) could be produced by a partial absence or dysfunction of the DCL3 protein, whereby more Pol IV transcripts are processed by DCL2 and DCL4. We examined DCL3 expression in pollen and found a lack of expression specifically in this tissue (figure 3c). This suggests that DCL3 protein may be simply lacking or reduced in wt pollen; however, mRNAs of many siRNA-generating proteins are reduced or absent in wt pollen (including the largest subunit of Pol IV itself (NRPD1), electronic supplementary material, figure S3 ). There is a poor correlation between steady-state mRNA levels and protein abundance (reviewed in [26] ) and further analysis is needed to confirm if the reduction royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190417 in DCL3 activity is responsible for the pollen-specific TE siRNA size distribution. We next aimed to identify a DCL mutant combination that removes all siRNA production from Pol IV transcripts. The overall abundance of siRNAs is reduced in dcl2/3/4 triple mutants; however, 21 nt siRNAs are still detected (figure 3a,b). To investigate the source of 21 nt siRNAs in dcl2/3/4, which was assumed to be DCL1, we interrogated a seedling tissue dataset that includes mutations in all four DCL family proteins (dcl1/2/3/4) [18] . Using this dataset, we first confirmed that the Pol IV-dependent siRNA-producing clusters identified in inflorescence also produce Pol IV-dependent siRNAs in seedlings (electronic supplementary material, figure S2 ). Second, the loss of 24 nt siRNAs and increase in relative abundance of 21 nt siRNAs in dcl2/3/4 at the Pol IV-dependent siRNA clusters is also observed in seedlings. We found that these 21 nt siRNAs are produced from Pol IV transcripts, since these siRNAs are lost in pol IV dcl2/3/4 (compared to dcl2/3/4). However, we found that figure S2A,B) , which therefore must be owing to the DICER-independent pathway of Pol IV small RNA production [18] .
In figure 1 , we found a relatively equal distribution of Pol IV-dependent 21-22 nt siRNAs between sense and antisense strands ( figure 1d ), suggesting that like 24 nt siRNAs (figure 1c), 21-22 nt siRNAs are produced from doublestranded Pol IV transcripts. To further elucidate the pathway of siRNA biogenesis, we investigated the production of siRNAs in plants mutated for RDR family proteins. We found that both 21-22 and 24 nt siRNAs are dependent on RDR2 and are unperturbed in either rdr1 or rdr6 single mutants (figure 3d,e). Therefore, Pol IV-derived 21-22 nt siRNA production is distinct from Pol II-derived TE siRNA production (in ddm1 mutants), which requires RDR6 [16] . We conclude that in sporophytic tissues, Pol IV/RDR2 generates doublestranded TE transcripts that are primarily cleaved into 24 nt siRNAs by DCL3 but are also cleaved by DCL2/DCL4 into low levels of 21-22 nt siRNAs.
(d) Pol IV 21-22 nt siRNAs can target RNA-directed DNA methylation
Pol IV-derived 24 nt siRNAs have well-established roles in guiding RdDM [9] . To determine if Pol IV-derived 21-22 nt siRNAs can function in RdDM, we used MethylC-seq to assay genome-wide DNA methylation in a series of DCL family single, double and triple mutants. We identified differentially methylated regions (DMRs) in pol IV mutant plants and aligned CHH context DNA methylation (H = A, C or T) at their edge (figure 4a). Asymmetric CHH methylation, particularly at Pol IV-DMRs, is a hallmark of the RdDM pathway [27] . Importantly, the methylation level of the dcl3 single mutant is not as low as the pol IV mutant (figure 4a), demonstrating that Pol IV-dependent methylation can function through other DCL proteins. In addition, the methylation level in dcl3 is not as low as in as the dcl2/3/4 triple mutant, demonstrating that specifically DCL2 and DCL4 have a function in targeting DNA methylation (figure 4a). SiRNAs from these same regions show the increased abundance of 21-22 nt siRNAs in the dcl3 mutant (figure 4b). These siRNAs must participate in RdDM, as they are lost in dcl2/3/4 (figure 4b), resulting in reduced methylation (figure 4a). Figure 4c shows that the loss of methylation in figure 4a is not the product of just a few loci. Together, these data demonstrate that in the absence of DCL3 and 24 nt siRNA production, Pol IV-generated 21-22 nt siRNAs can participate in RdDM. royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190417 [28] . We investigated whether Pol IV-derived siRNAs are incorporated into AGO1. We sequenced siRNAs from AGO1 immuno-precipitations (IPs) in both wt Col and pol IV mutants. As a control, we also sequenced siRNAs from no-antibody controls (mock IPs) in both wt Col and pol IV. Positive and negative controls that ensure that our IP sRNA-seq experiment worked as expected are shown in electronic supplementary material, figure  S4 . We found that like Pol II-derived 21-22 nt microRNAs, tasiRNAs and some 21-22 nt TE siRNAs [29] , Pol IV-derived 21-22 nt siRNAs are enriched in AGO1 (figure 5a). As expected, these AGO1-incorporated 21-22 nt siRNAs are completely lost in pol IV mutants. As a control, we confirmed that Pol IV-derived 24 nt siRNAs are not strongly enriched in AGO1 (figure 5b). AGO1 incorporation suggests that Pol IV siRNAs could act to target the known activity of AGO1 for mRNA transcript cleavage and translational inhibition.
(e) Pol IV 21-22 nt siRNAs may target gene transcripts
The second prediction states that for these Pol IV-derived 21-22 nt siRNAs, we could computationally identify target mRNAs and their predicted cleavage sites, although these programmes identify false positives at a high rate. We identified 49 683 proposed target sites of the Pol IV-dependent 21-22 nt siRNAs that are enriched in AGO1 (from figure 5a). This includes 23 668 distinct transcript models encompassing 18 167 total genes. We performed this analysis to inform our experiments below; however, the presence of small RNA target sites by itself provides no direct evidence of function.
The third prediction states that for at least a subset of the predicted target genes, their mRNA levels would increase in pol IV mutant plants, when the targeting siRNAs are not generated. We used publicly available mRNA-seq expression data [30] to identify genes that have increased steady-state transcripts in pol IV mutants compared to wt Col. Assuming that the steady-state transcript levels of the Pol IV siRNA target genes will increase in pol IV mutants, we overlapped the two sets of genes and found 117 genes with both a predicted target site for a Pol IV-dependent 21-22 nt siRNA and the expected increase in transcript levels in the pol IV mutant (green, figure 5c ). We compared the fraction of genes with predicted target sites in the upregulated set (green, figure 5c ) and unaffected set (grey, figure 5c ) and did not find an enrichment of target sites in upregulated genes (data not shown). However, the increase in mRNA levels can be observed only for a subset of genes because of (a) the false positives identified by the mRNA targeted prediction algorithm and (b) AGO1-incorporated siRNAs could potentially cause translational repression instead of mRNA cleavage. Similar to the second prediction, expression data could not provide direct evidence of Pol IVdependent mRNA degradation. Therefore, we aimed to further investigate the siRNA-mRNA interaction using a parallel analysis of RNA ends (PARE) sequencing (see below).
The fourth prediction states that for genes that increase in steady-state mRNA abundance in pol IV mutants, their mRNA cleavage products could be detected specifically around the predicted siRNA target sites. To determine if the Pol IV-dependent 21-22 nt siRNAs could cause cleavage of the target mRNA akin to a Pol II-derived siRNA or microRNA in AGO1, we analysed publicly available PARE mRNA cleavage data from wt Col inflorescence [31] . We defined three sets of genes to investigate, one with increased transcripts in pol IV (green, figure 5c ), a control with unaffected transcripts (grey, figure 5c ) and a second control with decreased transcript abundance in pol IV (red, figure 5c ). We aligned the target transcripts by the predicted Pol IV-dependent 21-22 nt siRNA target site and mapped the PARE sequences to these transcripts. We expected there to be increased signature of mRNA cleavage and thus PARE reads around the predicted cleavage site of the target genes. For the transcripts with the increased steady-state levels in pol IV mutants (green, figure 5c ), we indeed observed increased coverage of PARE sequences at the predicted siRNA binding site compared to flanking regions (green, figure 5d ). By contrast, we found no such change in coverage for the control gene set with unchanged transcript levels in pol IV (grey, figure 5d ) or decreased transcript levels in pol IV (red, figure 5d ). The combined data of AGO1 incorporation and cleavage transcripts at the predicted target site support a model that Pol IV-dependent 21-22 nt siRNAs may function in gene regulation.
Discussion
We began our investigation of Pol IV-dependent 21-22 nt siRNAs based on a single publication that observed an antidogmatic siRNA accumulation pattern in pollen [15] . Our work has confirmed the Pol IV-dependence of many TE 21-22 nt siRNAs. These siRNAs differ from other TE 21-22 nt siRNAs that require Pol II transcription, such as in ddm1 mutants [16] . In addition, we find that the Pol IV-dependent 21-22 nt siRNAs are direct products of unspliced Pol IV transcripts and are produced when TEs are transcriptionally silent (wt Col inflorescence) and transcriptionally activated (wt Col pollen). The 21-22 nt siRNAs are generated from the same regions with simultaneous overlapping production of 24 nt siRNAs, suggesting that the same Pol IV/RDR2 transcripts that are acted upon by DCL3 to generate 24 nt siRNAs are also processed by DCL2/DCL4 to generate 21-22 nt siRNAs. A significant remaining question is why the size ratio of Pol IV-derived siRNAs is heavily skewed towards the production of 21-22 nt siRNAs in pollen. Our analysis shows that the number of 21-22 nt siRNAs is not greatly increased in pollen, but rather the amount of 24 nt siRNAs is drastically reduced in pollen, skewing the ratio of 21-22 versus 24 nt siRNAs (figure 1b). The tissue-specific reduction of 24 nt siRNAs in pollen, while still retaining the Pol IV-dependent 21-22 nt siRNAs, is similar to a dcl3 mutant in sporophytic tissue ( figure 3a,b ), suggesting that a lack of DCL3 activity in pollen could result in the observed pattern. We observe a lack of DCL3 mRNA expression in pollen; however, several components required for the biogenesis of these siRNAs (such as the largest subunit of Pol IV) also fail to accumulate, necessitating future research. In addition, in pollen, there is TE transcriptional activation [12, 13] , but the resulting Pol II transcripts are not responsible for generating the TE 21-22 nt siRNAs observed in pollen, and therefore the term epigenetically activated siRNA (easiRNA) is not suitable for pollen siRNAs.
In sporophytic tissue, Pol IV transcripts generate high levels of 24 nt siRNAs and low levels of 21-22 nt siRNAs. We investigated the biological function of these Pol IV-derived 21-22 nt siRNAs and found that in the absence of DCL3 and 24 nt siRNAs, 21-22 nt siRNAs generated by Pol IV/RDR2/ DCL2/DCL4 can participate in RdDM. Additionally, these 21-22 nt siRNAs may participate in the post-transcriptional regulation of genic mRNAs. We found evidence that these 21-22 nt siRNAs are loaded into AGO1 and at the predicted mRNA target sites, increased transcript cleavage was detected. However, further research is needed to conclusively demonstrate that these 21-22 nt siRNAs can direct AGO1 to posttranscriptionally cleave genic mRNAs. Nonetheless, we conclude that these siRNAs may be RNAi potent and can in theory target complementary invading TEs and quickly initiate an RNAi defense. A question remains regarding what would limit AGO1 activity and PTGS if Pol IV can generate generegulating 21-22 nt siRNAs? However, the levels of these siRNAs are only a fraction of known highly abundant microRNAs and tasiRNAs. Therefore, even though mRNA cleavage can be detected, this may not be occurring on enough mRNA molecules to have a phenotypic consequence.
Although it is not understood why there is a shift in the size distribution of Pol IV siRNAs in pollen, the functional consequence of this shift is clear. Unlike 24 nt siRNAs, 21-22 nt siRNAs are incorporated into AGO1, which participates in gene regulation. Therefore, the function of Pol IV in pollen is likely to shift towards gene regulation (function of 21-22 nt siRNAs). Here we show evidence that Pol IV-derived 21-22 nt siRNAs may participate in post-transcriptional regulation. We speculate that this function may be connected to establishing hybridization barriers. Pol IV mutants fail to establish the triploid block, which ensures that the maternal : paternal ratio of genetic contribution is 2 : 1 in the early endosperm [15] . Pollen Pol IV-derived 21-22 nt siRNAs associate with gene expression changes [15] , and TE siRNAs in pollen (of unknown biogenesis) are important regulators of imprinting through the post-transcriptional targeting of the genes UBP1b and PEG2 [32] . We propose that TE regions of the genome contribute towards diverse gene regulation via Pol IV-derived 21-22 nt siRNAs specifically in pollen and the early seed, including imprinting [33] and hybridization barriers [14, 15] .
Material and methods (a) Plants and materials
All plants used for small RNA sequencing as part of this study were grown in growth chambers with standard conditions: 22°C temperature and 16 h light. Stage 1-12 inflorescence tissue was used for RNA isolation. nrpd1a-3 ( pol IV), dcl1-9, dcl2-1, dcl3-1, dcl4-2, rdr1-1, rdr2-1, rdr6-15 alleles were used. Wt Col and pol IV have standard 1n pollen samples and 2n pollen generated using the osd1 mutation [15] , which were used as replicates in this study.
(b) AGO1 immunoprecipitation 0.5 g inflorescence tissue per sample was ground with liquid nitrogen and homogenized in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1% IGEPAL, 0.5 mM DTT, 1 mM PMSF and 1× GoldBio protease inhibitor) for 15 min. Lysates pre-cleared for 15 min with 50 µl goat royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190417 anti-rabbit magnetic beads (NEB). Pre-cleared lysates were then incubated with either goat anti-rabbit magnetic beads only (mock IP) or beads plus 5 µg anti-AGO1 primary antibody (Agrisera) (AGO1 IP). IPs were performed at 4°C for 2 h with end-over-end rotation. Beads were then washed three times for 5 min in wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM DTT). RNA was extracted directly from washed beads using TRIzol reagent, and small RNA libraries were constructed as described below directly from this RNA.
(c) Small RNA sequencing
Total RNA was extracted with phenol chloroform method using TRIzol reagent (Thermo Fisher Scientific). Small RNAs were enriched using miRVana miRNA isolation kit (Thermo Fisher Scientific). The TrueSeq Small RNA Library Preparation Kit (Illumina) was used to make sequencing libraries for total or IP-enriched small RNAs. Multiplexed libraries were sequenced on a HiSeq2500 (Illumina) at the University of Delaware DNA Sequencing and Genotyping Center.
(d) Small RNA processing
Adapter TGGAATTCTCGGGTGCCAAGG was removed from demultiplexed libraries using fastx toolkit (http://hannonlab.cshl. edu/fastx_toolkit/). These sRNAs were mapped to the genome using bowtie 1.2.2 (-v 0) to determine the number of total genome matching reads, which was used to normalize sRNA counts [34] . sRNA Workbench [35] was used to filter out low complexity reads, t/rRNA reads and retain 18-28 nt reads that match the Arabidopsis TAIR10 genome. ShortStack 3.8.5 [36] was used to map the sRNAs to the genome using the parameters --nohp --mmap f --bowtie_m all. Bowtie 1.2.2 was used by ShortStack. For the digital Northern in figure 3c,d, the size limit of 18-28 nt was not applied to allow the visualization of longer RNAs.
(e) Cluster identification ShortStack 3.8.5 was used to identify clusters of 24 nt and 21-22 nt sRNAs. All small RNA sequencing data used in this study were individually mapped to the Arabidopsis genome using ShortStack [36] . These mapped files were filtered to retain either only 24 nt reads or 21-22 nt reads. All the samples were then merged to create two merged mapped files, one each for 24 nt and 21-22 nt reads. These merged mapped files were used as input for ShortStack to identify clusters with the default parameters except for mincov (set to 10) and pad (set to 50). The identified clusters were then filtered for Arabidopsis miRNA loci from miRBase 22.1 [37] . The miRNA filtered cluster list was filtered for Pol IV-dependent clusters with the criterion that average accumulation of reads was at least two-fold reduced in pol IV compared to wt Col.
(f ) Whole-genome DNA methylation analyses
We used inflorescence tissue to isolate DNA and perform MethylC-sequencing as previously described [38] . Statistics of the sequenced reads are shown in electronic supplementary material, table S1. We identified DMRs using default parameters of the methylpy program [39] available in github (https:// github.com/yupenghe/methylpy). DMRs were aligned by their edge and CHH methylation was calculated across the region in bins of 50 nt size and averaged across DMRs.
(g) RNA sequencing data analyses mRNA sequencing data from GSE99691 [30] was reprocessed. Adapters were removed and the sequences were mapped to the genome using STAR 2.6.0c (parameters: -outMultimapperOrder Random -outSAMtype BAM SortedByCoordinate -outFilterMul-timapNmax 50 -outFilterMatchNmin 30 -alignSJoverhangMin 3) [40] . Summarize Overlaps from GenomicFeatures [41] was used to count the abundance of genic transcripts using annotation from JGI v11, Arabidopsis v167 TAIR10. DESeq2 [42] was used for differential expression analysis.
(h) Target prediction
A list of candidate sRNAs was prepared and used for target prediction. All 21-22 nt sRNAs enriched in wt Col IP samples (at least five raw counts in each of the two replicate of IP samples and more than twofold accumulation over mock IP) and from Pol IV-dependent 21-22 nt clusters were labelled as candidate small RNAs. These siRNAs were further filtered for loss of accumulation in pol IV AGO1 IP samples (more than twofold reduction in pol IV AGO1 IP). These 440 sRNAs were used in psRNA [43] for target prediction with default parameters.
(i) PARE data analyses
Raw data from GSM1263708 [31] were reprocessed. Adapter sequence was removed and reads with the length of less than 12 nt were discarded. The sequences were mapped to Arabidopsis transcripts (JGI v11, TAIR10, v167 transcripts) using bowtie 1.2.2 and the parameters: -v 0, -a. Bedtools v.2.25.0 [44] was used to count the accumulation of these degradome sequences on transcripts. This count was normalized by the total transcripts investigated in the gene set.
